ABSTRACT: Electrode design plays an important role in mass sensitivity of QCM. The main objective of this paper is to obtain optimal ratio of the upper to lower radius and thickness of electrodes coated on the surface of QCM for high mass sensitivity. To avoid the simplification of the control equation in the analytic analysis and acquire more accurate structure parameters, simulations are designed based on interactive parametric modeling method by APDL language in ANSYS 15.0, and the standards for optimum parameters consist of suppressing parasitic vibration modes as far as possible and improve the mass sensitivity. Compared with traditional concentric identical electrode design, we discovered that QCM with electrode radius ratio of 7:4 overall owned good quality in curve fitting of mass sensitivity over 0.9 and the highest electrode efficiency of 0.99 as for 7-4mm QCM in simulation, and experiments also confirmed that 7-4mm QCM have higher mass sensitivity than identical electrode design, which deserves a guiding significance in wafer manufacturing.
INTRODUCTION
Quartz crystal microbalance (QCM) is a piezoelectric device possessing a high sensitivity and the nanogram level accuracy of measurement, which is used to detect the resonance frequency shift caused by a rigid mass absorption at the crystal surface. One potential use of a QCM is as a "droplet gravimeter" for detecting the mass of non-volatile residues (NVR) in a droplet of solvent [1] .
The mass sensitivity profile of a QCM can be affected by a variety of factors including the electrode design, size, and surface properties of the crystal [1] . Recently, there have been considerable analytic studies focused on designing structure of QCM. Fabien Josse and Youbok Lee studied the radial dependence of mass sensitivity for modified-electrode quartz crystal resonators systematically, and they verified n-m QCM structure which has two circular and concentric electrodes with different radius can improve mass sensitivity of QCM [2] . QCM with ring, dot-ring and double-ring electrode configuration [3] also have been considered. Nevertheless, these researches simply described a two-dimensional model as an approximation for QCM structure based on the assumption of ideal radial symmetry of device surface displacement. On the other hand, the electro-mechanical coupling problem caused by complex shaped quartz resonator can be calculated more accurately with the finite element analysis (FEA) method [4] .
Compared with a concentric identical electrode design [1] , a lens-shape and a Gaussian-shape QCM model [5] being established based on ANSYS, this paper is concerned with constructing a three-dimensional FEM model with software package ANSYS of a n-m electrode in gold QCM, which implies QCM has two circular and concentric electrodes with bigger upper radius than the lower radius. The fundamental frequency of AT-cut （35.25°Y-cut） quartz crystal plate is 6 MHz, and the mass sensitivity of QCM is investigated aiming for acquiring optimal electrode design.
PARAMETRIC DESIGN
While making variable engineering simulation in ANSYS, we often have to input a large amount of parameters, such as modeling geometry parameters, unit property parameters, load conditions and postprocessing path parameters, which also have to be tedious modified as well as debugged many times till the desired simulation result is acquired. These operations are waste of time for us.
As a result, to make the simulation process intelligent and efficient, this paper used interactive parametric modeling method by APDL language in ANSYS. The modeling method combines two of the operating modes, including interface input and command stream input by APDL language instead of the step-by-step GUI operation. The similar codes are summarized and the fixed value command stream is changed into variable by adding certain interactive command in the beginning.
The simulation involves several important parameters: the radius and thickness of crystal substrate, denoted by R and H respectively, the radius of the upper and lower electrodes, described as R1 and R2 respectively, and the thickness of electrodes, written as H1. Unlike the n-m electrode configuration presented by Fabien Josse and Youbok Lee [2] , here we assumed R1 > R2. r <R2, R2 < r < R1 and r > R1 represent the electroded region, partially electroded region, and unelectroded region respectively. MULTIPRO commands in ANSYS contribute to construct a dialog with one to ten parameters thereby realizing the user interactive input [4] , which was designed as shown in We modeled QCM with coupled-fields element Solid5. For the thickness vibration mode can be generated only if alternative electric field is applied cross the thickness (Y direction) [6] , we set XZ plane as the work plane in a local coordinate system, and select top-down design method. Compared with free meshing method, mapping meshing values have higher computing precision. For this reason, we adopted the latter meshing method based on the principle of thin and dense respectively in the electroded region and unelectroded region. The applied alternating voltage was 1V on the surface of electrodes in harmonic response analysis.
Actually both electrodes covered on the surface of QCM are led by copper wires from two solder joints at edge of quartz crystal respectively, due to the solder joints are located in unelectroded region, and according to energy trapping theory, the effect of the solder joints could be neglected. Hence to reduce calculated amount, here the constraint conditions of vibration is simplified into free boundary condition.
Considering the influence of an electrode on the piezoelectric crystal plate is mainly lower the fundamental frequency of the bare crystal plate and make the system presents energy trapped effect [7] , it's better to set the thickness of the electroded region and partially electroded region is the same as the crystal substrate but with a different equivalent density.
According to the Mindlin's plate theory [8] , the cut-off frequency of the unelectroded region ω1, electroded region and partially electroded region ' 1  can be calculated respectively by Equation (1)-(3).
So the mass density can be equivalent to
respectively in the electroded region and partially electroded region, where ρq is the mass density in the unelectroded region, and is known as the electrode mass loading factor. ρe , ρq and be, bq denote the mass density and thickness of electrode and crystal substrate, respectively.
RESULT AND DISCUSSION

The convergence of computation
For computations, we supposed the crystal substrate of radius R=7.00mm and thickness H=0.277mm. After
many meshing experiments, we found that under the premise of the number of grid layers along the thickness direction is fixed and the total grid numbers reach ten thousand, increasing monolayer grid amounts can barely improve the accuracy of computed resonance frequency. And specific data are shown in Table 1 . Furthermore, when the overall grid numbers approximately equal among different mesh division methods in thickness direction, the number of grid layers has great influence on computed crystal resonance frequency as shown in Table 2 . So it is noteworthy that the mesh in the thickness direction played a more vital role in obtaining good simulation accuracy than which in the radial direction as described in [9] .
The harmonic frequencies of AT-cut quartz crystal are determined by Equation (4):
where
is frequency constant, with a value of 1664 for AT-cut QCM. H denotes the thickness of crystal.
For only the vibration mode of QCM near the fundamental frequency is considered, the theoretical value is MHz f 0072 . 6 1  when n=1, H=0.277mm are substitute into Equation (4). The relative error in Table  1 and 2 is defined by the difference between the calculated resonance frequency and theoretical value got from Equation (4), which is defined by Equation (5): The finite element model of QCM with six layers in the thickness direction is the closest to the theoretical value, for the error is just 0.35%. The results proved that calculation is convergent. The finite element model of QCM is shown in Figure 2 . 
The principle of optimum parameters
If the surface of quartz crystal plate is infinite, QCM can be seen as a one-dimensional vibration system, and the only possibility vibration mode is harmonic mode [10] , yet as for a quartz crystal plate in reality, other than thickness shearing vibration, parasitic vibrations [11] including xy bending vibration, y plane shearing vibration and xy telescopic vibration could damage the stability of its vibration. However, energy trap theory helps to restrain the influence of the parasitic vibrations. Energy trapping theory refers to [12] : Only if the vibration frequency of the wave is greater than the cut-off frequency can form a standing wave, otherwise the wave won't be able to spread.
The mass sensitivity of QCM can be computed by Equation (6) 
where A(r) is the particle displacement amplitude function on the surface. Cf is Sauerbrey's sensitivity constant, with a value of 1.78×10
11 Hz·cm 2 /kg [3] . We can get mass sensitivity of each node on the upper surface of QCM by substituting the extracted displacement of them in the post-processing of AN-SYS into Equation (6) .
As shown in Figure 3 , according to the frequency domain response of QCM, the abscissa of curve's peak represents computed resonance frequency, and the ordinate of it represents each axial displacement. We also found that x-axial displacement is nearly 2 orders greater than that of y-axis and z-axis according with the theory that thickness shear vibration is the dominant vibration mode of QCM.
We can fit the above data with MATLAB curve fitting toolbox for the QCM mass sensitivity distribution follows a Gaussian-type function, the same as the resonator vibration amplitude distribution as shown in Equation (7) [13]. In order to suppress parasitic vibration modes, the fitted curve should be closed to the Gaussian-type function, the optimum parameters will be chosen by this primary condition.
Moreover, increasing the area of the upper electrode and decreasing the area of the lower electrode bring a partially electroded region which is of greater vibration amplitude of wave and electric field intensity than the unelectroded region. Thus, the wave is easier to extend to the adjacent conductive medium, and forms a larger acoustoelectric effect. So n-m QCM may reach higher mass sensitivity than the same electrode radius QCM. The more mass sensitivity the sensor is; the smaller mass it can detect. The optimum parameters will be chosen by this second condition that attaining higher mass sensitivity.
In a word, the following simulations should be designed on the premise of suppressing parasitic vibration modes as well as improving the mass sensitivity on the surface of QCM.
For electrode design plays a significant role in mass sensitivity of QCM, the subsequent simulation works carried out focusing on the radius of the upper and lower electrode and electrode thickness.
The simulation of electrode radius
Firstly, we assumed the crystal was coated with gold electrode of thickness H1=50nm, the upper radius R1=5.6mm, meanwhile the ratio of R2 to R1 were 1/7, 2/7, 3/7, 4/7, 5/7, 6/7, 7/7 respectively. 5.6-3.2mm QCM was fit as: If the curve is smooth and resonance energy is most focused in the electroded region, the curve's fitting degree will be closer to 1. As we can see in Figure 4 , which listed the results of 5.6-3.2mm and 5.6-5.6mm QCM, although both mass sensitivity curves showed the tendency of larger in the electroded region, satisfied with the energy trapping theory, the vibration at the wafer edge wasn't negligible for 5.6-5.6mm QCM on account of the coupling of fundamental mode and thickness shear vibration of non-harmonic mode [11] . Yet 5.6-3.2mm QCM showed a nice thickness shear mode that acoustical energy of the thickness shear mode decay faster outside of the electroded area. Besides, by contrasting the fitted function of these two QCM, 5.6-3.2mm QCM had 1.5142 times higher mass sensitivity in center of QCM than 5.6-5.6mm QCM, which is beneficial to smaller mass load detection. Instead of ideal radial symmetry of device surface displacement as described by Fabien Josse and Youbok Lee [2] , the simulation result by adopting ANSYS can better reflect the coupling phenomenon of fundamental vibration mode and other modes, which offer us more information in wafer manufacturing.
To observe the difference more convenient, we introduced the normalized of surface area mass sensitivity as shown in Equation (8). 
where n represents the radius of node on the surface of QCM. We substituted the calculated mass sensitivity of the nodes with coordinates of y = 0.277mm into Equation 8 , and the result was as shown in Figure 5 .
As we can see in Figure 5 , when the upper electrode radius is 5.6mm, the smaller the lower electrode radius is, and the more concentrated the mass sensitivity is. Considering that the crystal has low quality in curve fitting if the lower electrode radius is less than 2.4mm, uz ux uy and at the same time crystal with the lower electrode radius of 3.2mm has larger effective area mass sensitivity, so the crystal with the lower electrode radius of 3.2mm can be considered the best design when the upper electrode radius is 5.6 mm. Secondly, in order to conclude more generality of the best electrode radius ratio from the upper to lower, we compared these seven ratios with the upper electrode radius changed to 7mm, 6.3mm, 5.6mm, 4.9mm, 4.2mm, 3.5mm and 2.8mm, respectively. The computed resonance frequencies of the several kinds of electrode distribution modes are as shown in Figure 6 . As shown in Figure 6 , if the upper electrode radius is a constant, the smaller the lower electrode radius is, and the higher resonance frequency of QCM becomes. And when the ratio of R2 to R1 is fixed, the resonant frequency will be lower as the upper electrode radius increases, which could be explained by Equation (9) [11]. 
where fnmk is the resonance frequency of all kinds of vibration modes, v is wave velocity along wafer, H is electrode thickness, r is electrode radius, and xmk is the root of Bessel function. So we can easily find that the resonance frequency is inversely proportional to square of electrode radius. It is also readily found that the resonance frequency curve is changed gradually from a parabolic curve to a straight line as the upper electrode radius got smaller, but the frequency value is overall reduce along with the increase of the ratio of R2 to R1. Then we calculated degree of curve fitting of mass sensitivity on the upper surface of QCM as well as the electrode efficiency SE, which has been defined through a generalization of the Sauerbrey's equation as shown in Equation (10) 
It's visible that crystal with electrode radius ratio of 7:4 had a good quality in curve fitting and the highest mass sensitivity in electroded region than other ratios. To facilitate comparison, we just enumerated the results of crystal with electrode radius ratio of 7:4 and 7:7 as shown in Figure 7 and 8. Comparison between the electrode radius ratio of 7:4 and 7:7 showed that the former always owned a good quality in curve fitting of more than 0.9, but the latter seldom reached 0.9. On the other hand, as the upper electrode radius of the 7:4 crystal increased, the electrode efficiency became higher. Among them, 7-4mm QCM had the highest percentage of 0.99. While the electrode efficiency of 7:7 crystal were all less than 0.8. Thus, it is readily found that crystal with electrode radius ratio of 7:4 is more conducive to detect tiny quality than consistent electrode design.
The simulation of electrode thickness
If the thickness of electrodes is too thin (less than 50nm), the fundamental frequency within electroded region is very close to that within unelectroded region, so the vibration energy cannot be restricted to electroded region. Conversely, too thick electrodes can cause dissipation of energy. All in all, the above two situations will both lead to the decline of quality factor Q value [11] . After comprehensive consideration, general electrode thickness should be controlled in [50nm, 150nm] . Fixing electrode radius of 7-4mm, we assumed five kinds of electrode thickness that 50nm, 75nm, 100nm, 125nm and 150nm, and calculated degree of curve fitting of mass sensitivity and the electrode efficiency as presented in Figure 9 . Figure 9 shows that the electrode efficiency slightly changed, yet degree of curve fitting of mass sensitivity increased first, and then decreased as the increase of the thickness of the electrodes. Among them, the highest degree is 0.992 when thickness is 100nm. So as to prevent parasitic vibration modes, while determining the best electrode thickness, the electrode efficiency should be improved under the premise of good quality of the curve fitting of mass sensitivity as far as possible. Accordingly, the best distribution form of electrodes is radius of 7-4mm, thickness of 100nm.
EXPERIMENTAL VERIFICATION
Two QCM with operate frequency of 6 MHZ and gold electrode thickness of 100nm, radius of 7-4mm (S-DBAAB-6MK01) and consistent (HC-49U) were chosen to experiment. At environment temperature of 30 o C in three different liquid environments consist of water, ethanol and soybean, we used the impedance analyzer Aglient4294A which is based on an impedance analysis method which QCR is stimulated for oscillation with a sweep signal, so that we can compare the resonance frequency offset of them intuitively.
First of all, we divided a radial line equally along the surface of QCM, and a droplet of fluid of 1uL was dropped in different radial locations with microliter syringes as shown in Figure 10 . As the liquid can be approximately seen as a half sphere, the frequency of crystal as the change of liquid center can be tested, and the frequency offset was calculated by the absolute value of frequency without liquid minus frequency with liquid, which are summarized in Figure 11 . For the soybean is the most difficult to volatile among these three liquid environments, the experiment result of adopting soybean is the most credible. It is delighted that the three experiments had nearly consistent results, after adding the same volume of liquid, the frequency offset of 7-4mm crystal was larger than another crystal, especially reached 1.557 times in center of QCM as presented in Table 3 , which was implied that mass sensitivity of 7-4mm crystal was higher. As the liquid center was away from the center of crystal, the frequency deviation turned smaller, which further proved energy trapping theory. So as to contrast more intuitive the vibration energy distribution of two QCM, we made area mass sensitivity experiments. After droplets of different kinds of fluid were dropped with various area but center in line with the crystal, we compared the frequency offset of both QCM. For the sake of ensuring the unit mass of liquid, we dropped the same mass on both surface of QCM, such as 1ul liquid was dropped within radius of 1mm, the specific data are shown in Table 4 . What's more, frequency offset was presented along a radial line in Figure 12 . We can see from Figure 12 that, when we dropped liquid in the electroded region as well as partially electroded region, along with the radius of liquid increased, frequency shift became larger. Nonetheless, when liquid is expanded to the unelectroded region, frequency shift was almost invariant, which illustrated that the unelectroded region wasn't sensitive to the mass load. Besides, the frequency offset of 7-4mm crystal was always larger than another when liquid area was altered, which also verified that the former has higher electrode efficiency than the latter.
CONCLUSION
In short, for increasing the effective area of crystal, as for consistent electrode crystal, as its radius expands, the energy trapping effect will be worse, yet n-m crystal has higher quality of mass sensitivity than consistent electrode crystal, the former design in favor of smaller mass load detection because of greater frequency shift.
With the help of ANSYS 15.0, on the premise of suppressing parasitic vibration modes as well as improving its mass sensitivity, we discovered that electrode radius of 7:4 crystal overall owned good quality in curve fitting over 0.9 and the highest electrode efficiency of 0.99 compared with traditional concentric identical electrode design, and meanwhile the best quality in curve fitting is 0.992 when thickness is 100nm, electrode radius are 7-4 mm. As a result, the optimal ratio of upper and lower radius is determined by 7:4, and the best distribution form of electrode is radius of 7-4mm, thickness of 100nm.
At last, we selected two QCM with fundamental frequency of 6 MHZ and gold electrode thickness of 100nm, radius of 7-4mm and consistent radius to make two groups of experiments, which confirmed the simulation results well.
With the development of computer technology, in the foreseeable future, FEA method will give considerable potential for designing complex QCM structures.
